Diabetic retinopathy (DR) is a chronic, low-grade inflammatory disease. We aimed to investigate the regulatory effects of erythropoietin (EPO) on the inflammatory cytokine production by Muller cells under the condition of DR. The expression levels of TNF-alpha, IL-1beta, IL-6 and VEGF in cultured rat Muller cells were enhanced by 1 mM glyoxal. The elevated TNF-alpha and IL-1beta, but not IL-6 and VEGF, were decreased by 2 U/ml EPO as detected by real-time PCR and ELISA. Moreover, the activity of AP-1 but not NF-kappaB was modulated by glyoxal and EPO. Intravitreal injection of EPO performed 24 h prior to sacrifice significantly reduced TNF-alpha and IL-1beta production while moderately attenuating IL-6 and VEGF in the retinas of streptozotocininduced diabetic rats. Furthermore, Muller cells were identified as the main source of IL-1beta production as indicated by co-localization of IL-1beta and CRALBP in situ. These findings implicate therapeutic potential of EPO in the amelioration of inflammation in diabetic retinas.
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ABSTRACT
Diabetic retinopathy (DR) is a chronic, low-grade inflammatory disease. We aimed to investigate the regulatory effects of erythropoietin (EPO) on the inflammatory cytokine production by Muller cells under the condition of DR. The expression levels of TNF-alpha, IL-1beta, IL-6 and VEGF in cultured rat Muller cells were enhanced by 1 mM glyoxal. The elevated TNF-alpha and IL-1beta, but not IL-6 and VEGF, were decreased by 2 U/ml EPO as detected by real-time PCR and ELISA. Moreover, the activity of AP-1 but not NF-kappaB was modulated by glyoxal and EPO. Intravitreal injection of EPO performed 24 h prior to sacrifice significantly reduced TNF-alpha and IL-1beta production while moderately attenuating IL-6 and VEGF in the retinas of streptozotocininduced diabetic rats. Furthermore, Muller cells were identified as the main source of IL-1beta production as indicated by co-localization of IL-1beta and CRALBP in situ. These findings implicate therapeutic potential of EPO in the amelioration of inflammation in diabetic retinas.
INTRODUCTION
Diabetic retinopathy (DR) is the most common microvascular complication in patients with diabetes and may lead to visual impairment and even blindness (1) . Although the exact mechanisms by which elevated glucose or other factors initiate the vascular disruption in diabetic retinas remain poorly defined, several biochemical pathways have been implicated in the pathogenesis. One well-characterized pathway is the formation of advanced glycation end products (AGEs) that are capable of irreversibly modifying the chemical properties and functions of diverse key molecules (2) . Glyoxal (GO), an intermediate in AGEs formation, has been demonstrated in several studies on the diabetes-associated retinal abnormalities to be a powerful inducer of cell apoptosis (3, 4) . More recently, it is reported that in human vascular endothelial cells glyoxal causes inflammatory injury (5) . Accumulating evidence suggests that the up-regulation of inflammatory factors such as TNF-alpha, IL-1beta, IL-6 and VEGF contributes to the blood-retinal barrier (BRB) breakdown in the development of DR (6) (7) (8) (9) . Moreover, Muller cells, the principal glial cells of the retina, associated with the inflammatory process in vivo have been demonstrated by using an immortalized rat Muller cell line (rMC-1) in vitro (10, 11) . Therefore, the present study was designed to examine whether glyoxal could induce inflammatory response and the profile of cytokine expression in rMC-1 cells.
The anti-inflammatory effect of erythropoietin (EPO) has been well documented in a variety of animal models of neurological diseases such as traumatic and ischemic injuries in the brain and spinal cord, and multiple sclerosis (MS) (12) (13) (14) (15) (16) (17) . For instance, in a rat model of middle cerebral artery ischemia reperfusion, EPO significantly reduces the activation of astrocytes as well as the recruitment of leukocytes and microglia into the infarction area, and down-regulates the production of TNFalpha and IL-6 (13). Based on a study on experimental autoimmune encephalitis (EAE), an animal model of MS, EPO markedly reduces the levels of IL-6 in acute rat models (16) . EPO also decreases the secretion of TNFalpha and IL-1beta in the spinal cord in chronic murine autoimmune encephalomyelitis models (16, 18) . Furthermore, our previous studies revealed that intravitreal injection of EPO could preserve the BRB function in streptozotocin (STZ)-induced diabetic rats (19) . In addition, encouraging results on the efficacy of intravitreal EPO treatment have been obtained from our recent clinical series in patients with chronic and progressive diabetic macular edema (20) , prompting us to elucidate the underlying molecular mechanisms, including the possible modulation of inflammatory factors by EPO.
Nuclear factor-kappaB (NF-kappaB) and activator protein 1 (AP-1) are key transcription factors that may modulate production of inflammatory mediators (21) . It has been demonstrated that the cardioprotection of EPO pretreatment is due in part to the suppression of the inflammatory response via down-regulation of NF-kappaB and AP-1 induced by ischemia-reperfusion injury (22) . Therefore, we have studied the induction of these two factors in our in vitro model.
To determine whether an inflammatory response could be induced by AGEs and regulated by EPO in retinal Muller cells under diabetes-like conditions, we used both rMC-1 cells stimulated with glyoxal at concentrations below the cytotoxic level and diabetic rats induced by STZ as the experimental models for the current study. We found that EPO attenuated glyoxal-induced inflammation of Muller cells both in vitro and in vivo, which may be due to the suppression of AP-1 activation and in turn the downregulation of the downstream inflammatory cytokines such as TNF-alpha and IL-1beta.
MATERIALS AND METHODS
Muller cell culture
The rMC-1 cells were kindly supplied by Vijay Sarthy (Northwestern University, Evanston, IL). The cells were maintained in normal glucose (5 mM) Dulbecco's modified Eagle's Medium (DMEM) containing 10% fetal bovine serum (FBS) (High Clone Corporation, Logan, Utah) and 1% penicillin/streptomycin (Invitrogen, Carlsbad, CA) at 37 o C with 5% CO 2 in a humidified incubator. When the cells reached 70% confluence, they were starved in medium without FBS for 16 h, and then exposed to glyoxal (Sigma-Aldrich, St. Louis, MO) alone or combined with EPO (R and D Systems, Minneapolis, MN) for 12 h. To determine the effect of EPO on the induction of AP-1 transcription factor, cells were pretreated with 250 ng/ml recombinant human soluble EPO receptor (sEPOR, R and D Systems, Minneapolis, MN) or 1 µM nordihydroguaiaretic acid (NDGA, Cayman Chemicals, Ann Arbor, MI) for 1 h before the incubation of glyoxal and EPO.
Experimental animals and intravitreal EPO treatment
Male Sprague-Dawley rats weighing 120-160 g (Slaccas, SIBS, Shanghai, China) were used. They were treated according to The Guide for the Care and Use of Animals (National Research Council and Tongji University). Diabetes induction and intravitreal injections were described previously (19) . Briefly, for diabetes induction, a single intraperitoneal injection of STZ (in citric buffer, pH 4.5) at a dose of 60 mg/kg body weight was performed after they had been fasted for 24 h. The control rats received an equal volume of citric buffer. All animals were maintained in a 12 h alternating light-dark cycle, and allowed to eat and drink ad libitum. Rats receiving STZ were declared diabetic when their blood glucose exceeded 250 mg/dl for three consecutive days. The rats were excluded from the experiment if they failed to develop diabetes. Two or twenty weeks after the onset of diabetes, they were killed. One day prior to sacrifice, the diabetic rats were randomly divided into two groups: EPO treated and saline treated. EPO (r-Hu-EPO, 0.1 µg/µl in normal saline, i.e., 153 U/mg; Sigma-Aldrich, St. Louis, MO) was diluted to 4 mU/µl. Intravitreal injection of 2 µl (8 mU) EPO per eye was performed, with a 30-gauge, 0.5-in. needle (BD Biosciences, Franklin Lakes, NJ) on a microsyringe (Hamilton, Reno, NV), using a temporal approach, 2 mm posterior and parallel to the limbus. Sham injections (2 µl normal saline) were performed to both non-diabetic control rats as well as the saline diabetic rats. The rats recovered spontaneously from the anesthesia and then were sent back to the animal room with food and water ad libitum.
Morphological examination and MTT assay
The morphological changes of rMC-1 cells after glyoxal treatment were examined under light microscope (Nikon, Eclipsnet VSL, Japan) equipped with digital camera.
For survival assays, rMC-1 cells were plated at a density of 1.5×10 4 per well on 96 well-plates to determine the cytotoxic effects of glyoxal. After incubation for 24 h in full medium, the cells were deprived of neurotrophins by medium change without FBS for 16 h, and then cultures were supplemented with glyoxal at varying concentrations for 12 h. Control and glyoxal treated cells were incubated in serum-free medium containing 0.5 mg/ml MTT (Sigma-Aldrich, St. Louis, MO) for 4 h. The media were then removed and the formazan crystals produced in the wells were dissolved in 150 µl dimethylsulfoxide (DMSO). The absorbance was measured at 570 nm with background subtraction at 630 nm using a microplate spectrophotometer (Tecan, Crailsheim, Germany). The cell viability was expressed as a percentage of untreated controls, which were defined as 100% for each experiment.
In situ detection of cell death by TUNEL assay
Evaluation of apoptotic cells was performed using a TUNEL assay (In situ Cell Death Detection Kit; Roche Diagnostics, Mannheim, Germany) according to the manufacture's instruction. Briefly, rMC-1 cells were cultured on coverslips. After treatment with glyoxal (0, 1, 2 mM) for 12 h, cells were washed twice with PBS, and then fixed and permeabilized in 0.1% Triton X-100 in PBS for 5 min. TUNEL reaction mixture was prepared by adding terminal deoxynucleotidyl transferase to nucleotide mixture. Then, each coverslip was incubated with 50 µl of this mixture in a humidified chamber at 37 o C in dark for 60 min. After rinsing with PBS, nuclei were counterstained with DAPI (4, 6-diamidino-2-phenylindole). Finally, they were analyzed under a fluorescence microscope. Positive controls were coverslips that had been treated with recombinant DNase I for 10 min at room temperature before the labeling procedure. Negative controls were the samples treated with 10 µl label solution without terminal transferase. The apoptotic index (%) was calculated as the number of TUNEL-positive stained cells divided by the total cell number counted by Image-Pro software.
RNA purification and real-time PCR
Total RNA was isolated from rMC-1 cells using TRIZOL Reagent (Trizol; Life Technologies, Grand Island, NY) and the reverse transcribed product was amplified by PCR using SYBR Green Real-time PCR master mix (ToYoBo, Osaka, Japan). The reactions were carried out on an ABI/PRISM 7900 HT sequence detector system (Applied Biosystems, Foster City, CA) for 40 cycles ( 
ELISA
After treatment as indicated in the text, the cell culture supernatants were removed and retained at -70 o C. For rats, individual retinas from experimental and control groups (6 single retinas from 6 rats selected randomly per group) were isolated and homogenized in ice-cold radioimmune precipitation assay (RIPA) buffer (10 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.1% sodium dodecyl sulfate (SDS), 1% Nonidet P-40, and 1% sodium deoxycholate) for ELISA. This buffer was supplemented with the protease inhibitor PMSF. After 15 min incubation on ice, the extracts were clarified by centrifugation at 12,000g for 15 min at 4 o C and stored at -70 o C. The concentrations of TNF-alpha, IL-1beta, IL-6 and VEGF were measured with ELISA kits (R and D Systems, Minneapolis, MN). The minimum detectable dose of rat TNF-alpha and IL-1beta is typically less than 5 pg/ml. The minimum detectable dose of rat IL-6 and VEGF were 21 pg/ml and 8.4 pg/ml, respectively. The protein concentration of cells was measured with BCA Protein Assay Kit (Pierce, Rockford, IL). Values were compared with the standard curve of individual cytokines, normalized to total protein concentrations, and expressed as picogram per milligram of protein.
Luciferase assay for AP-1 and NF-kappaB activity
The rMC-1 cells were plated in a 96-well plate, co-transfected using lipofectamine 2000 (Invitrogen, Carlsbad, CA) with 500 ng pNF-kappaB-luc or 500 ng pAP-1-luc (firefly luciferase) and 10 ng internal control plasmid pRL-CMV (renilla luciferase) for normalization of transfection efficiency. After 24 h, the cells were incubated in serum-free medium and treated with 1 mM glyoxal alone or combined with 2 U/ml EPO for 12 h. Renilla luciferase and firefly luciferase were measured (Dual Luciferase Assay System; Promega Corporation, Madison, WI) and results were presented as the ratio of firefly luciferase activity.
Immunostaining
The rMC-1 cells were grown on coverslips with desired treatments. They were fixed with 4% paraformaldehyde for 15 min, permeabilized with 0.2% Triton X-100 in PBS for 5 min, and blocked with 1% BSA in PBS for 1 h. After that, they were stained with anti-EPO antibody (1:50; H-162, Santa Cruz Biotechnology), antip65 antibody (1:50; C-20, Santa Cruz Biotechnology, Santa Cruz, CA) and cy3-conjugated anti-rabbit IgG, and then visualized and photographed under the fluorescence microscope.
Cryostat sections of rat retinas were prepared as described previously (19) . Briefly, the eyes were fixed in PBS-buffered 4% paraformaldehyde for 24 h and then opened along the ora serrata, and the posterior eyecups were dehydrated through a gradient concentration of sucrose from 10% to 30%. After dehydration, the eyecups were embedded in OCT compound (Tissue Tek, Sakura) for sectioning. 10 µm-thick sections were co-incubated with anti-IL-1beta antibody (1:50; H-153, Santa Cruz Biotechnology, Santa Cruz, CA) and anti-CRALBP antibody (1:100; ab15051, Abcam, Cambridge, MA), then stained with the mixture of two secondary antibodies (cy3-conjugated anti-rabbit IgG and FITC-conjugated antimouse IgG). After nuclear staining using DAPI, they were washed with PBS, mounted using Dako Cytomation Fluorescent mounting medium (Dako A/S, Glostrup, Denmark) and observed under the fluorescence microscope.
Statistical analysis
Quantitative data are presented as mean +/-SE. The data from real-time PCR were based on 4-6 independent experiments in rMC-1 cells or individual rat retinas. Reactions were carried out in triplicate. The samples for ELISA were collected from rMC-1 cell supernatants in 4 independent experiments or individual retinas of 6 rats. The statistical evaluations were performed using ANOVA followed by Bonferroni post-hoc test for multiple comparisons or Student's t-test. A P-value of 0.05 or less was considered statistically significant.
RESULTS
Effects of glyoxal on rMC-1 cells
To evaluate the direct effects of glyoxal on retinal Muller cells, we first conducted morphological examinations in cultured rMC-1 cells after 12 h treatment with various concentrations of glyoxal. In the bright-field images, there were no obvious signs of toxicity at low concentrations (0.5 mM). However, a slight decrease in cell density (at 1 mM glyoxal) and a remarkable increase in cell death (2 mM) were observed at high concentrations of glyoxal ( Figure 1A) . Consistent with the morphological changes, glyoxal treatment caused the reduction of cell viability in a dose-dependent manner, as measured by MTT assay ( Figure 1B) . In the presence of 1 mM or 2 mM glyoxal, the viability of rMC-1 cells was suppressed to 82% or 71% as compared with untreated cells, respectively. We next tried to identify whether the cell death observed in rMC-1 cells following exposure to glyoxal was apoptotic ( Figure 1C) . After TUNEL staining, substantially more positive cells characterized by nuclear condensation and fragmentation were seen at the concentration of 2 mM than at 1 mM. Likewise, the percentage of apoptotic cells dramatically increased to 8.2% at 2 mM, while it was only 1.5% at 1 mM ( Figure 1D ). Therefore, we chose the relatively low concentrations (1 mM or less) for the further experiments on inflammatory response because glyoxal at these concentrations had minor effect on cell apoptosis.
Suppression by EPO on mRNA levels of TNF-alpha and IL-1beta but not IL-6 and VEGF
We investigated whether the decrease in cell viability after glyoxal treatment was associated with inflammatory response. Relative mRNA expression of four inflammatory genes was assessed by real-time PCR ( Figure  2 ). There was no significant change induced by glyoxal at the concentration of 0.5 mM in the expression of TNFalpha, IL-1beta and VEGF. However, at 1 mM, a modest increase in TNF-alpha and IL-1beta (1.5 folds) and a remarkable elevation in VEGF (2.6 folds) were detected. Besides, IL-6 expression was increased in a dose-dependent fashion after stimulation with glyoxal (0.5 mM, 1.6 folds; 1 mM, 2.1 folds). Based on these results, we determined to use 1 mM glyoxal for 12 h in rMC-1 cells in the following studies on the expression of inflammatory genes. EPO has been reported as an anti-inflammatory factor in a range of different cell culture models (23) (24) (25) (26) . Here, we inspected whether EPO could reduce the inflammatory gene expression induced by glyoxal in rMC-1 cells. Three different doses of EPO (0.5, 1, 2 U/ml) were added into the medium containing glyoxal, and the efficacy was investigated (Figure 2) . Results of real-time PCR showed that TNF-alpha expression was down-regulated gradually by the increasing doses of EPO (1.2 folds at 2 U/ml). For IL-1beta, EPO exerted a more powerful inhibitory effect particularly at dose of 2 U/ml, in which the expression level was almost the same as that in untreated cells. In contrast, with the addition of EPO at all of these doses, no influence on IL-6 expression was displayed. No significant change in VEGF was detected under the treatment of EPO at 2 U/ml. These results indicated that EPO at appropriate doses could selectively suppress the mRNA expression of these inflammatory genes.
Attenuation by EPO on secretion of TNF-alpha and IL-1beta but not IL-6 and VEGF
Because all the four inflammatory factors can be actively secreted by inflammatory cells, we then tried to find out whether EPO could block the secretion of them in rMC-1 cells. After the incubation in the presence of 1 mM glyoxal, with or without the addition of 2 U/ml EPO for 12 h, the supernatants of the cells were collected and the amount of TNF-alpha, IL-1beta, IL-6 and VEGF was measured by ELISA ( Figure 3) . With glyoxal treatment, dramatic increase was detected in the secretion of IL-1beta (139.4 vs 27.0) and VEGF (1732.5 vs 190.3), to a lesser extent in TNF-alpha (34.0 vs 15.0), and the least in IL-6 (648.3 vs 508.7 pg/mg protein). In addition, the inhibitory effects of EPO on cytokine secretion were also verified in TNF-alpha (19.6) and IL-1beta (67.2), while no obvious variation was found in IL-6 (625.9) and VEGF (1762.8 pg/mg protein). Thus, these results suggested that the production of TNF-alpha and IL-1beta but not IL-6 and VEGF could be attenuated by EPO administration in the glyoxal model of rMC-1 cells.
Involvement of EPO/EPOR system in the inflammatory response
Since Muller cells have been identified as the main source of EPO production in rat retina (27) , we investigated whether endogenous EPO was involved in this glyoxalinduced inflammatory response. The expression of EPO was up-regulated about 1.3 folds after exposure to 1 mM glyoxal, as assessed by real-time PCR ( Figure 4A ). Furthermore, this finding was supported by the presence of small dense particles on the surface of the cells, indicating secretory activity as shown by the immunostaining with antibody against EPO ( Figure 4B ). On the other hand, the expression of EPOR was heightened gradually under the influence of varying concentrations of glyoxal and further increased in the presence of exogenous EPO ( Figure 4C ). The increase in both EPO and EPOR expression suggested their significant correlation to the inflammatory response. When using sEPOR to block the effect of endogenous and exogenous EPO, no obvious changes were found in the expression levels of TNF-alpha (1.4 vs 1.5) and IL-1beta (1.4 vs 1.5 folds) after glyoxal treatment. However, an increase was observed (TNF-alpha, 1.4 vs 1.2; IL-1beta, 1.7 vs 1.1 folds) after glyoxal and EPO combined treatment (Figure 6 ).
Modulation of AP-1 but not NF-kappaB activity by glyoxal and EPO
As transcription factors AP-1 and NF-kappaB are essential regulators of several genes involved in the inflammatory response, we inspected whether they were modulated in our cell model. Results of luciferase assay revealed that the activity of AP-1 (175.7 vs 95.6) but not NF-kappaB (330.5 vs 306.3) was induced by glyoxal, and the highly activated AP-1 was down-regulated by EPO (117.3) ( Figure 5A ). Furthermore, it was confirmed that NF-kappaB was not involved in this process due to the lack of nuclear immunostaining for the NF-kappaB family member p65 after glyoxal exposure ( Figure 5B ).
NDGA inhibits lipoxygenase, which in turn blocks arachidonic acid metabolites and thus suppresses expression of the c-Fos component of AP-1. Pretreatment of rMC-1 cells with this AP-1 inhibitor abrogated TNFalpha and IL-1beta mRNA induction by glyoxal and mRNA inhibition by EPO ( Figure 6 ). Therefore, these results confirmed that the inhibitory effects of EPO in this inflammatory response were carried out by the blockade of AP-1 activity induced by glyoxal.
Attenuation of TNF-alpha and IL-1beta production by EPO in diabetic rats
As all of the above results were obtained from the in vitro models, we performed an in vivo study using the STZinduced diabetic rats to further demonstrate the inhibitory effects of EPO on inflammatory reaction in the retinas. Two or twenty weeks after diabetes induction, rats received an intravitreal injection of EPO (8 mU per eye) or normal saline as control. 24 h following the operation, the rats were killed and the expression levels of TNF-alpha, IL-1beta, IL-6 and VEGF in the retinas were determined by ELISA (Figure 7 ). In the two-week diabetic group, all of these cytokines were markedly increased except for VEGF (TNF-alpha, 4.7 vs 2.6; IL-1beta, 3.7 vs 0.8; IL-6, 43.3 vs 26.6 pg/mg protein, respectively). Furthermore, in the EPO treatment group, the production of TNF-alpha (3.0) and IL1beta (1.3) was substantially decreased and IL-6 (31.6 pg/mg protein) was also somewhat down-regulated. In addition, in the twenty-week diabetic group, similar changes were observed except for the moderate elevation of VEGF in diabetic retinas (78 vs 50 pg/mg protein). These in vivo results confirmed the inhibitory effects of EPO on TNF-alpha and IL-1beta production.
To investigate whether Muller cells were the main target cells of therapeutic EPO in rat retina, we conducted double labeling experiments using anti-IL-1beta and anti-CRALBP antibodies on cryostat sections. In the twenty-week diabetic rat retinas, anti-IL-1beta staining Figure 5 . Altered activity of transcription factor AP-1, but not NF-kappaB was associated with the inhibitory effects of EPO on inflammatory genes. A: Induction of AP-1 or NF-kappaB was determined individually using Dual Luciferase Assay System in rMC-1 cells co-transfected with reporter gene plasmid (pNF-kappaB-luc or pAP1-luc) and internal control plasmid (pRL-CMV) before treatment with either 1 mM glyoxal or glyoxal with 2 U/ml EPO. (*P<0.05 vs Cont; #P<0.05 vs 1 mM GO; n=4) B: Nuclear translocation of the NF-kappaB family member p65 was not detected by anti-p65 antibody immunostaining after 1 mM glyoxal exposure for 12 h. Magnification: ×200. became more intense compared with control retina, especially in the ganglion cell layer, inner plexiform layer and inner nuclear layer ( Figure 8A ). With EPO injection, the staining in all the three layers decreased. Similar to these changes, a much deeper staining of anti-CRALBP was obtained in diabetic retina, notably in the end feet of the cells in ganglion cell layer and throughout the plexiform layer, whereas less dense staining was found in EPO treatment retina. In addition, the co-localization of anti-IL-1beta with anti-CRALBP was mainly observed within the end feet of Muller cells in ganglion cell layer ( Figure 8B ). These results indicated that Muller cells were the main cellular origin of IL-1beta and the most prominent target cells for EPO therapy in diabetic retina, though astrocytes, microglia and endothelial cells could not be completely ruled out.
DISCUSSION
Apart from its hematopoietic effect, EPO is known as a pleiotropic cytokine with anti-inflammatory and antiapoptotic properties (28) . The present study focused on the anti-inflammatory function of EPO and revealed that it could attenuate the increase of TNF-alpha and IL-1beta but not IL-6 and VEGF in cell culture and animal models under diabetes-like conditions. Furthermore, our results demonstrated that the modulation effects of EPO occur through inhibition upon the transcription factor AP-1.
Increasing evidence suggests that the pathophysiology of diabetes is considerably analogous to chronic inflammatory states (29) . It is well known that high serum glucose can lead to nonenzymatic binding of glucose to protein side chains, resulting in the formation of AGEs. Therefore, the intermediates of this reaction, methylglyoxal and glyoxal, may have the function of influencing the production of inflammatory factors (30) (31) (32) . It is reported that prolonged exposure of rats to methylglyoxal induced pro-inflammatory responses, including increased TNFalpha and IL-1beta expression in granulation tissue during cutaneous wound healing (30) . Methylglyoxal also caused a very significant increase in both transcript and protein expression of IL-1beta in cultured hippocampal neuronal cells (31) . Recently, a study proved that both methylglyoxal and glyoxal could induce a concentration dependent enhancement of IL-6 secretion in intestinal cell line (32) . It has been shown that VEGF was increased in cultured rat mesothelial and human endothelial cells exposed to methylglyoxal, but glyoxal could not modify VEGF expression in mesothelial cells (33) . Here we reported that all four of these cytokines were elevated substantially in rat Muller cells stimulated with glyoxal at non-cytotoxic concentrations, specifically 1 mM ( Figure 2 ). As shown in real-time PCR results, the induction of TNF-alpha and IL1beta with similar pattern suggested the same signaling pathway was involved, which may be different from the pathways associated with IL-6 or VEGF production. In our results, the induction of AP-1 but not NF-kappaB was demonstrated by luciferase assay ( Figure 5A ). And nuclear translocation of the NF-kappaB family member p65 was not detected after glyoxal exposure ( Figure 5B ), which is similar to the observation in human vascular endothelial cells after glyoxal treatment (5) . Using the AP-1 inhibitor NDGA, the induction of TNF-alpha and IL-1beta could not be found any more ( Figure 6 ). These findings document the involvement of AP-1 transcription factor in this process.
Even though the anti-inflammatory effects of EPO have been shown by many studies, the underlying molecular mechanisms remain to be elucidated. The present results demonstrate the direct inhibitory effect of EPO on Figure 7 . The inhibitory effects of EPO on inflammatory cytokines in STZ-induced diabetic rat retinas. Expression levels of the inflammatory genes were measured by ELISA in the rat retinas from age-matched control, diabetic (D) and diabetic eyes with EPO intravitreal injection (D+EPO) using two-or twenty-week models. (*P<0.05, **P<0.01 vs Cont; #P<0.05, ##P<0.01 vs D; n=6) inflammatory cytokines TNF-alpha and IL-1beta ( Figure  3) . Similarly, it has been reported by others that EPO treatment decreased TNF-alpha secretion in undifferentiated U937 human histiocytic lymphoma cells (23) . Besides, our results showed no reduction by EPO on IL-6 and VEGF secretion, whereas EPO exerted the inhibitory effect on IL-6 production in U937 cells at the 10 IU/ml dosage (23) . With regard to the signaling pathway possibly involved in this effect, both AP-1 and NF-kappaB were speculated as the candidates. The down-regulation by EPO on the activity of AP-1 was detected more apparently in the present study ( Figure  5A ). Nevertheless, previous studies revealed that EPO pretreatment could suppress the activation of NFkappaB in cardiomyocytes exposed to hypoxia/reoxygenation injury through a negative feedback of NF-kappaB signaling pathway (24) . These differences in anti-inflammatory effects of EPO may be related to the severity of injury, the doses administered, or also may depend on different cell types. We propose that EPO attenuates glyoxal-induced AP-1 activation resulting in decrease of TNF-alpha and IL-1beta production. IL-6 and VEGF were also increased by glyoxal, but EPO had no effect on these increases in expression.
Endogenous EPO/EPOR system appears to be involved in the regulation of inflammatory cytokines. Muller cells were verified as the main source of EPO in the normal retina (27) and EPO autocrine loop was found in various cells (34) (35) (36) . It is critical to determine whether EPO and EPOR are altered in Muller cells after injury. Previous in vitro studies showed EPO expression in astrocytes was down-regulated when exposed to inflammatory cytokines such as IL-1beta, IL-6 and TNF-alpha (37) . In the present study, after glyoxal treatment, both EPO and EPOR were elevated, and EPOR was increased more significantly (Figure 4) . The possible reason for that the increased EPO in a much smaller scale is due to the inhibitory effects by glyoxalinduced cytokines. No increase was found in TNF-alpha or IL-1beta mRNA level after blocking endogenous EPO by sEPOR after glyoxal treatment ( Figure 6) . Therefore, the enhanced expression of EPOR along with increased EPO production indicates the demand for protection from cells after inflammatory injury (19) . The active response of EPO/EPOR expression in Muller cells to exogenous EPO after inflammation provided evidence of a glial paracrine protective function on neighbouring neurons.
Our previous study demonstrated an ameliorating effect of EPO on BRB breakdown in STZinduced diabetic rats (19) . In the present experiments using two-week diabetic rats, marked elevations in TNFalpha, IL-1beta and IL-6 levels were detected, and no significant increase in VEGF production was observed in the retinas (Figure 7) , which might give us insights into the relative contributions of TNF-alpha, IL-1beta and IL-6 to the early increased BRB permeability. However, in twenty-week diabetic rats, VEGF was increased moderately and 8 mU/eye EPO treatment could down-regulate it slightly, which is consistent with our previous report (38) (Figure 7) . Furthermore, after EPO intravitreal injection, TNF-alpha and IL-1beta expression could be down-regulated, while IL-6 production was basically not changed at the same diabetic course. Similarly, no apparent effect on IL-6 after EPO treatment was also reported in animal models of traumatic brain injury (39) . Most interestingly, the inhibitory effect of EPO was in parallel with a marked decrease in Muller glial activation, as assessed by anti-IL-1beta and anti-CRALBP immunostaining (Figure 8 ). The most likely source of IL-1beta was Muller cells, which was denoted by the co-localization, mainly at the cell processes encasing ganglion cells. In fact, other retinal cell types (e.g. microglia) also release inflammatory cytokines in response to diabetic stress (40) . Upon their release, the cytokines could propagate the inflammatory response within the retina, leading to increased leukocyte infiltration and neuronal cell death (41) . The activated Muller cells and their secretion of inflammatory factors may be crucial contributors to the increased death of neurons and the aggravated breakdown of BRB in these diseases. Therefore, the suppression of TNF-alpha and IL-1beta expression by EPO in Muller cells could be a therapeutic approach for DR.
In summary, exogenously administered EPO confers a strong anti-inflammatory effect within the setting of experimental diabetic retinopathy mainly through the suppression of TNF-alpha and IL-1beta expression. However, the production of IL-6 and VEGF is not overtly affected by exposure to EPO. Our data support a model wherein EPO attenuates the production of inflammatory cytokines by Muller cells via the regulation of the transcription factor AP-1 rather than NF-kappaB, which in turn, results in a protection of the BRB integrity and retinal cell survival.
